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The non-proteinogenic amino acid γ-aminobutyric acid (GABA) is present in all organisms
analyzed so far. In invertebrates GABA acts as a neurotransmitter; in plants different
functions are under discussion. Among others, its involvement in abiotic stress reactions
and as a defensive compound against feeding insects is suggested. GABA is synthesized
from glutamate by glutamate decarboxylases and degraded by GABA-transaminases.
Here, in Arabidopsis thaliana, gad1/2 double mutants showing reduced GABA
concentrations as well as GABA-enriched triple mutants (gad1/2 x pop2-5) were
generated and employed for a systematic study of GABA induction, accumulation and
related effects in Arabidopsis leaves upon herbivory. The results demonstrate that GABA
accumulation is stimulated by insect feeding-like wounding by a robotic caterpillar,
MecWorm, as well as by real insect (Spodoptera littoralis) herbivory. Higher GABA levels
in both plant tissue and artificial dietary supplements in turn affect the performance
of feeding larvae. GABA enrichment occurs not only in the challenged but also in
adjacent leaf. This induced response is neither dependent on herbivore defense-related
phytohormones, jasmonates, nor is jasmonate induction dependent on the presence of
GABA. Thus, in Arabidopsis the rapid accumulation of GABA very likely represents a
general, direct and systemic defense reaction against insect herbivores.
Keywords: γ-aminobutyric acid, Arabidopsis thaliana, herbivory, Spodoptera littoralis, MecWorm, jasmonate,
wounding, plant defense
INTRODUCTION
The four carbon non-proteinogenic amino acid γ-aminobutyric acid (GABA) is widespread in
animals, plants, and microorganisms. GABA is mainly synthesized by decarboxylation of L-
glutamate in the cytosol (Breitkreuz and Shelp, 1995). The reaction is carried out by glutamate
decarboxylases (GAD, EC 4.1.1.15). InArabidopsis, five genes encoding GADs exist and show organ
specificity. Whereas GAD2 transcripts are detectable in all organs, GAD5 transcripts are detected
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in male gametes and GAD1 expresses mainly in roots (Turano
and Fang, 1998; Zik et al., 1998; Hruz et al., 2008). It is suggested
that GAD activity is regulated by pH and Ca2+/calmodulin
(Carroll et al., 1994; Snedden et al., 1995; Bown et al., 2006). At
neutral pH, GAD activity depends onCa2+/calmodulin; however,
any acidification of the cytosol, for example by wounding-
mediated disruption of the vacuole, can stimulate GAD activity
independent on Ca2+/calmodulin. In addition, GABA can also
be produced from polyamines (Shelp et al., 2012a). Catabolism
of GABA is localized in the mitochondrial matrix. A GABP
(GABA permease) transporter encoded by a single copy gene
in Arabidopsis has been described to import GABA into
mitochondria (Michaeli et al., 2011). However, the lack of a
prominent phenotype of the loss-of-function gabpmutant argues
for the presence of other transporters capable of importing
GABA into mitochondria. Once in the mitochondrial matrix,
a transaminase reaction catalyzed by a GABA transaminase
(GABA-T) moves the amino group of GABA onto pyruvate
yielding alanine and in parallel succinic semialdehyde (SSA)
(Clark et al., 2009). In Arabidopsis, GABA-T is also encoded
by a single copy gene. Disruption of the GABA-T gene leads
to strong GABA accumulation. In the vegetative growth phase,
no prominent phenotype of gaba-t mutants can be observed,
however, fertility is decreased in the mutant due to impaired
pollen tube growth (Palanivelu et al., 2003; Renault et al., 2011;
Yu et al., 2014). SSA is either exported from mitochondria by
a yet unknown transporter and further metabolized (Breitkreuz
et al., 2003), or is oxidized to succinate, a tricarboxylic acid (TCA)
cycle intermediate, by succinic semialdehyde dehydrogenase
(SSADH). Disruption of the single copy SSADH gene leads to
a severe phenotype (Bouché et al., 2003; Ludewig et al., 2008).
It has been shown that accumulation of SSA is causative for the
production of leaf necrosis and impaired growth of ssadhmutants
due to the production of reactive oxygen species (Fait et al., 2005).
So far, GABA has been found in all plant species investigated
(Shelp et al., 2009). It has been mostly considered as a metabolite
involved in the control of C/N balance and in anaplerotic
alimentation of the Krebs cycle (Fait et al., 2008). However,
the function of GABA in plants is far from being resolved.
Several findings started a discussion about GABA functioning as
a signaling compound in plant growth and development (Bouché
and Fromm, 2004). For example, in Arabidopsis thaliana it was
shown that pollen tube-growth in pistils as well as hypocotyl- and
root-growth depend on controlled low GABA levels (∼1 nmol
g−1 DW) (Palanivelu et al., 2003; Renault et al., 2011). Again in
Arabidopsis, low GABA levels are important and a prerequisite
for E-2-hexenal-induced root growth inhibition (Mirabella et al.,
2008). In all these cases it was demonstrated that mutations
in the same gene (GABA-T) encoding a γ-amino butyric acid
transaminase, caused enhanced GABA levels in the resulting
pop2 and her1 mutant plants (Palanivelu et al., 2003; Mirabella
et al., 2008; Renault et al., 2011). The increased endogenous
concentration of GABA seems to be the reason for impaired cell
elongation in the mutants and the corresponding phenotypes
(Renault et al., 2011). Other studies demonstrated that GABA
is involved in the differentiation of the vascular system in pine
(Pinus pinaster) seedlings (Molina-Rueda et al., 2015). Shelp
et al. (2006) also suggested that GABA might be involved in
the communication between plants and other organisms such as
fungi, bacteria, and certain invertebrates (Shelp et al., 2006).
For many years it has been known that GABA accumulates in
plants upon various abiotic stress challenges such as mechanical
stimulation and tissue damage, salt and cold stress (Wallace et al.,
1984; Ramputh and Bown, 1996; Shelp et al., 1999; Kinnersley
and Turano, 2000; Renault et al., 2010). Recently, it was
shown that GABA negatively regulates anion flux through plant
aluminum-activated malate transporter (ALMT) and probably
mediates its physiological effects via ALMT (Ramesh et al.,
2015). GABA is also suggested to be involved in plant defense
against herbivorous insects (Bown et al., 2006; Huang et al.,
2011; Mithöfer and Boland, 2012). This hypothesis is based
on several facts and observations: (i) GABA is known as an
inhibitory neuromuscular transmitter acting at GABA-gated
chloride channels in invertebrates, including insects, where it
could affect normal development when ingested by feeding
(Bown et al., 2006; Shelp et al., 2009). Thus, the presence of
GABA might deter feeding of herbivorous insect as shown
for Choristoneura rosaceana (oblique-banded leafroller) larvae
raised on a synthetic diet (Ramputh and Bown, 1996). (ii)
Leaf tissues of soybean (Glycine max) and tobacco (Nicotiana
tabacum) that were only slightly wounded by crawling insect
species (C. rosaceana and the tobacco budworm, Heliothis
virescens, respectively) showed a GABA accumulation up to 4-
to 12-fold within 5–10min (Bown et al., 2002). (iii) Transgenic
N. tabacum plants with elevated GABA levels due to constitutive
transgenic expression of a GAD enzyme were more resistant to
both H. virescens larvae and Meloidogyne hapla, the root-knot
nematode (MacGregor et al., 2003; McLean et al., 2003; Bown
et al., 2006).
In 2006, Bown and colleagues postulated in an opinion article
“. . . that wounding stimulates gamma-aminobutyrate (GABA)
accumulation in plants, which in turn deters herbivory by
invertebrate pests” (Bown et al., 2006). Nearly a decade later,
there is still a lack of experimental proof concerning the type
of herbivory-related stimulus that is necessary, and the amount
of which is sufficient, to induce GABA accumulation in plant
leaves and whether this GABA contributes to the plant’s defense.
Here, we address these questions systematically. Moreover, many
herbivory- or wounding-related defense responses in plants
are strongly dependent on and mediated by jasmonates, fatty
acid-derived phytohormones (Wasternack, 2007; Mithöfer et al.,
2009). Thus, we also examined whether the induced defense of
GABA accumulation is a jasmonate-regulated process.
MATERIALS AND METHODS
Plant and Insect Material, Growth and
Plant Treatment
Four to five week old Arabidopsis thaliana plants (wild-type:
ecotype Col-0; mutants: gad1/2, gad1/2 x pop2-5, jar1) were used
for all experiments. All plants were grown in 10 cm round pots
as described elsewhere (Vadassery et al., 2012). For this seeds
were sown and stratified for 2 days at 4◦C, afterwards plants
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were kept at 40% humidity and 23◦C. The growth conditions
were adjusted to 10-h-light/14-h-dark photoperiod with a light
intensity of 150µmol m2 s−1. All plants used for one experiment
germinated at the same day and were kept in the same growth
chamber. When different plant lines were used at the same
time they were kept separated from each other to avoid any
kind of contact and placed randomized in the experimental
setup. Larvae of generalist herbivore Spodoptera littoralis were
hatched from eggs and reared on an agar-based optimal diet
at 23–25◦C with 8 h light/ 16 h dark cycles (Bergomaz and
Boppre, 1986). For 7 days feeding assay, 1st instar larvae were
used (they were kept in light for 3 days after hatching). The
larvae were pre-weighed to ensure equal starting conditions
for all experiments. For short term feeding assays (3 h), 4th
instar S. littoralis larvae which were starved overnight prior
to plant feeding were used. For coronalon (structural mimic
of JA-Ile) treatment the randomly placed plants were sprayed
with 1ml of a 50µM solution (0.1% ethanol, equivalent to
50 nmol) or solvent control and incubated with a cover to prevent
evaporation. The coronalon used was synthesized according to
Nakamura et al. (2014). Mechanical wounding was performed
as described earlier using MecWorm (Scholz et al., 2014). To
discriminate between a local and a systemic accumulation of
GABA, leaves of plants were counted according to Farmer et al.
(2013). Leaf number 8 was treated with MecWorm for 1 h; leaf
8 (local) as well as different systemic leaves (5, 9, and 11) were
harvested. In other experiments fully developed leaves 9, 10, or 11
were used.
S. littoralis Growth Inhibition Assay with
GABA
To determine growth effects of GABA on S. littoralis, 2nd instar
larvae were reared on an artificial diet (see above) containing
defined amounts of GABA (solved in water). A 0.5M GABA
stock solution was diluted several times; 100µL of each were
dropped on weighed pieces (1 g) of the artificial diet to give
final concentrations of 0, 0.01, 0.1, 0.5, and 1µmol GABA (g
diet)−1. All insects were kept separated. The food was renewed
every second day while the GABA concentration was maintained.
The larval weight was determined before the experiment was
started (day 0) and after 7 days of feeding. To calculate the growth
inhibition, the measured increase in weight at different GABA
concentrations was correlated with the control (no GABA, set to
100%).
Generation of Single, Double, and Triple
Mutants
The seeds of the single mutants gad1 (At5g17330;
SALK_017810), gad2 (At1g65960; GK_474E05) and pop2-5
(At3g22200; GK_157D10) were obtained from the respective
stock centers. SALK lines were purchased from NASC
(Nottingham Arabidopsis Stock Centre) and GABI-Kat (GK)
lines were purchased from GABI-Kat directly (Alonso et al.,
2003; Kleinboelting et al., 2012). F2 plants were screened
for homozygousity by genotyping. For that, genomic DNA
extraction from the individual plants was carried out as
follows. Leaf samples were collected in 1.5mL Eppendorf tubes
containing 2–3 glass beads of 2mm in size and snap-frozen in
liquid nitrogen. The samples were crushed to powder using a
tissue lyzer (Qiagen, Cat No 85220) for 3min at a frequency
of 20 s−1. Then, 200µL of extraction buffer (0.2M Tris HCl
pH 7.5, 25mM EDTA, 0.5 % SDS and 250mM NaCl) were
added and homogenized. The mixture was spun down for 1min
at 14,000 rpm, and 150µL of the supernatant was transferred
into new tubes. Next, an equal volume of 100 % isopropanol
was added, mixed and incubated at room temperature for
5min. Finally, the mixture was spun down at 14,000 rpm for
5min, and the pellet was dissolved in 100µL ddH2O. PCR
analysis was performed using 2µL of the DNA extract. For the
generation of the gad1/2 double mutant, the respective single
mutants were crossed by emasculating the mother plant followed
by pollination with the pollen from the male parent. For the
isolation of homozygous double mutants, a similar procedure
was followed as for the single mutants. The triple mutant was
generated by crossing the homozygous gad1/2 double mutant
with the homozygous pop2-5 mutant. The screening procedure
was carried out as described above.
RNA Extraction, cDNA Synthesis, and
RT-PCRs for Mutant Characterization
Leaf samples (∼100–200mg) were collected from Arabidopsis
plants and snap-frozen in liquid nitrogen. RNA extraction
was carried out as described before with minor modifications
(Logemann et al., 1987). Briefly, frozen tissue was crushed to
powder using a pre-cooled electrical drill machine. Immediately,
1mL of Z6 buffer (8M guanidinium hydrochloride, 20mMMES,
20mM EDTA, pH 7.0) containing 0.7% (v/v) β-mercaptoethanol
was added and homogenized by vortexing. Next, 500µL PCI
(phenol: chloroform: isoamylalcohol 25:24:1) were added and
mixed by inverting the tube 10–15 times. After incubation
for 3min at room temperature, samples were spun down for
10min at 4◦C with 14,000 rpm. The aqueous phase (700µL)
was transferred to a new tube and 1/20 volumes acetic acid
(1M) and 0.7 volumes ethanol (100%) was added, mixed and
incubated at room temperature for 10min. The mix was spun
down with 14,000 rpm for 10min at 4◦C. The pellet was then
washed first with 500µL of sodium acetate pH 5.0 followed
by a second wash with 500µL 70% ethanol. Finally, the pellet
was air-dried and dissolved in 100µL of RNase-free distilled
water. Prior to cDNA synthesis the total RNA was treated with
DNase (Promega) for 1 h at 37◦C. The concentration of RNA
was quantified using a NanoDrop (NanoDrop 1000V.3.8), and
the integrity of the RNA was verified on a 1% agarose gel. The
cDNA was synthesized from 1.5µg of total RNA in 20µL of
total reaction mixture according to the manufacturer’s protocol
(Bioscript). The synthesized cDNA was diluted three times and
the expression of the target genes was analyzed using qRT-
PCR. Used primers are listed in Table S1. As housekeeping
gene RPS18 was used according to Vadassery et al. (2012).
The primers discriminating between the GAD paralogs have
previously been reported except for GAD5 (Renault et al.,
2010).
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Quantification of Phytohormones
For quantification of phytohormones 250mg of sample were
harvested and immediately frozen in liquid nitrogen and
weighed. The extraction procedure and determination of JA and
JA-Ile was carried out as described before (Vadassery et al.,
2012). 60 ng of 9,10-D2-9,10-dihydrojasmonic acid, 60 ng of D4-
salicylic acid, 60 ng of D6-ABA (Santa Cruz Biotechnology), and
15 ng of JA-[13C6]Ile conjugate were used as internal standards
per sample. JA-[13C6]Ile conjugate was synthesized as described
before (Kramell et al., 1988).
Quantification of γ–Aminobutyric Acid
(GABA)
Approximately 250mg of fresh leaves were frozen in liquid
nitrogen and weighed. The γ–aminobutyric acid (GABA) was
extracted with 2mL of methanol and the resulting extract was
diluted in a ratio of 1:20 (v:v) in water containing the U-
13C, 15N labeled amino acid mix (algal amino acids 13C, 15N,
Isotec, Miamisburg, USA, at a concentration of 10µg of the
mix per ml). GABA in the diluted extracts was directly analyzed
by LC-MS/MS. Chromatography was performed on an Agilent
1200 HPLC system (Agilent Technologies, Böblingen, Germany).
Separation was achieved on a Zorbax Eclipse XDB-C18 column
(50 × 4.6mm, 1.8µm, Agilent Technologies). Formic acid
(0.05%) in water and acetonitrile were employed asmobile phases
A and B, respectively. The elution profile was: 0–1min, 3% B in A;
1–2.7min, 3–100% B in A; 2.7–3min 100% B and 3.1–6min 3%
B in A. The mobile phase flow rate was 1.1mL/min. The column
temperature wasmaintained at 25◦C. The liquid chromatography
was coupled to an API 5000 tandem mass spectrometer (Applied
Biosystems, Darmstadt, Germany) equipped with a Turbospray
ion source operated in positive ionization mode. The instrument
parameters were optimized by infusion experiments with pure
standards. The ion spray voltage was maintained at 5500 eV.
The turbo gas temperature was set at 700◦C. Nebulizing gas was
set at 70 psi, curtain gas at 35 psi, heating gas at 70 psi and
collision gas at 2 psi. Multiple reaction monitoring (MRM) was
used to monitor analyte parent ion→ product ion: GABA (m/z
104.1→87.1; DP 51, CE 17), U-13C, 15N-Ala (m/z 94.1→47.1;
DP 51, CE 17). Both Q1 and Q3 quadrupoles were maintained
at unit resolution. Analyst 1.5 software (Applied Biosystems) was
used for data acquisition and processing. GABA in the sample
was quantified using U-13C, 15N-Ala applying a response factor
of 1.0.
RESULTS AND DISCUSSION
Two of Five Gad Genes are Mainly
Expressed in Shoots and Roots
In Arabidopsis thaliana, five GAD genes have been identified
(Shelp et al., 1999). Here, we analyzed the relative expression of
all five GAD paralogs in shoots and roots of wild-type plants.
GAD1 transcripts were mainly detected in roots (Figure 1A)
and GAD2 transcripts were abundantly detected in shoots and
in considerable amounts in roots (Figure 1A), observations in
line with previous findings (Turano and Fang, 1998; Zik et al.,
FIGURE 1 | Expression analysis of GAD genes in Arabidopsis shoots
and roots. Plants of 5-week-old wild-type (A) and 4-week-old wild-type and
gad1/2 mutant (B) were used. GAD3 and GAD5 transcripts were not
detectable. Values are means of three biological replicates. Error bars
represent the standard error of means; RE, relative expression.
1998). GAD4, on the other hand, exhibited a weak expression in
shoots and an even weaker expression in roots (Figure 1). GAD4
expression was also detected in flowers and siliques (Figure S1).
The transcripts of GAD3 and GAD5 were neither detectable in
shoots nor in roots. However, the transcript of GAD3 could be
detected in young siliques (Figure S1), and GAD5 transcripts
were detected in flowers (Figure S1). Indeed, strong expression
of GAD5 in gametes of Arabidopsis thaliana has been reported
in publically available expression resources (http://www.bar.
utoronto.ca/ and https://genevestigator.com/gv/, Winter et al.,
2007; Hruz et al., 2008; Shelp et al., 2012b).
A gad1/2 Double Mutant Contains Low
GABA Amounts in Shoots and Roots
Next, we asked whether a simultaneous knock out of GAD1
and GAD2 would lead to major changes in the GABA pools of
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shoots and roots. To test that, we generated a gad1/2 double
mutant by crossing single gad1 and gad2 T-DNA insertion
mutants (Figures S2A,B) and confirmed the absence of full-length
transcripts (Figure S2C). However, a truncated GAD2 transcript
that consisted of exon 1, exon 2, and a part of exon 6, which is
unable to encode a functional GAD, could be detected (Figures
S2C,D). GADs belong to the pyridoxal phosphate-dependent
aspartate aminotransferase super-family of proteins (Marchler-
Bauer et al., 2011). Co-factor binding and catalytically active
residues are encoded by bases located in exons 3, 4, and 5 of
the native transcript. However, in the truncated version of the
GAD2 transcript, those exons were absent, and hence the protein
very unlikely retains any decarboxylase activity. Furthermore, a
premature stop codon has been detected close to the junction
between the 2nd and the 6th exon to further shorten the unlikely
functional protein (Figure S2D).
The GABA content of the gad1/2 double mutant was only 5%
of that in the wild type (Figure 2). Despite reports indicating the
possible synthesis of GABA from the degradation of polyamines
(Bouchereau et al., 1999; Fait et al., 2008; Shelp et al., 2012a),
GABA in A. thaliana seems to be mainly produced from the
decarboxylation of glutamate by the activity of GADs. However,
GABA concentration of gad1/2 double mutants were not below
the detection limit, either because of the above mentioned
degradation of polyamines fueling GABA synthesis or because
of low expression of GAD4 (Figure 1). To examine whether an
additional compensatory expression of GAD paralogs in gad1/2
mutants occurred, the transcript levels of GAD4 were analyzed
in both shoots and roots and compared to the wild type. GAD4
transcripts were found to be up-regulated (Figure 1B) and might
be sufficient to explain the presence of GABA in the double
mutant.
FIGURE 2 | GABA amounts of 4-week-old wild-type (WT), gad1/2,
gad1/2 x pop2-5, and pop2-5 plants. All plants were grown under
greenhouse conditions and GABA was quantified in leafs. Values are means of
eight independent plants. Error bars represent the standard error of means.
Statistically significant differences between WT and GABA mutant plants were
analyzed by One-way ANOVA (p < 0.05, SNK-test) and are indicated by
different letters.
An Additional Knock-Out of GABA-T Gene
in the gad1/2 Double Mutant Caused
Higher GABA Contents in Shoots and Roots
The GABA content of plant organs is not only determined by
its synthesis. Its degradation by GABA-T activity also affects
the accumulation of GABA, as was also discussed by Renault
et al. (2010). We assumed that the low GABA concentration in
gad1/2 mutants would be elevated when breakdown of GABA
is prevented due to the absence of GABA-T activity. Hence, we
created a triple mutant by crossing the gad1/2 double mutant
to a gaba-t (pop2-5) mutant. Pop2 mutants were previously
shown to accumulate high GABA concentration in A. thaliana
(Palanivelu et al., 2003; Ludewig et al., 2008; Renault et al.,
2011). Homozygous knock-outs of all three genes of the triple
mutant were verified by PCR (Figure S3). The gad1/2 x pop2-5
triple mutant contained seven times more GABA than the wild-
type and half as much compared with the pop2-5 single mutant
(just given for comparison) (Figure 2). It is likely that the triple
mutant accumulates GABA during the course of growth for two
reasons: firstly, the absence of GABA-T activity ensures that there
is no GABA catabolism; secondly, the presence of decarboxylase
activity by the remaining orthologs. In addition, higher GABA
content in pop2 single mutant compared to triple mutants is also
not surprising since GAD1 andGAD2, the two prominent GADs,
are active.
Triple Mutant Plants are Less Susceptible
to Spodoptera littoralis Feeding
Due to the finding that higher GABA levels can affect insects
(Ramputh and Bown, 1996; MacGregor et al., 2003; Bown et al.,
2006) the influence of different endogenous GABA concentration
in planta was investigated in parallel in an insect herbivore
feeding assay. In contrast to former experiments (MacGregor
et al., 2003; Bown et al., 2006), we did not look for feeding
preferences but for insect performance on different mutant lines.
Therefore, we carried out a bio-assay employing the three plant
lines, wild type, gad1/2, and gad1/2 x pop2-5 plants (Figure S4),
and herbivorous larvae of the generalist lepidopteran species
Spodoptera littoralis. We consciously did not include the GABA-
enriched pop2-5 line in these experiments. The reason for this
was that higher constitutive GABA concentrations cause defects
in regular plant growth. Among other effects, GABA levels,
as found in pop2 mutants, reduce gene expression levels of
secreted proteins, in particular cell wall-related proteins, which
in consequence affect cell elongation processes in reproductive
and vegetative tissue (Palanivelu et al., 2003; Renault et al., 2010,
2011). Thus, we decided to work with plant lines with moderately
increased GABA concentrations to avoid secondary effects on the
whole plant-herbivore system.
While S. littoralis larvae feeding on gad1/2 mutant plants
showed the same increase in body weight as on wild type, the
larvae feeding on gad1/2 x pop2-5 plants gained significantly
less weight (Figure 3). The constitutive accumulation of GABA
over time in this mutant (Figure 2) might contribute to the
enhanced resistance against S. littoralis feeding. Interestingly,
lower GABA level in the gad1/2 mutant did not result in an
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FIGURE 3 | Feeding assay of Spodoptera littoralis larvae on
Arabidopsis wild-type (WT), gad1/2 and gad1/2 x pop2-5 plants. S.
littoralis 1st instar larvae were pre-weighed and three larvae were placed on
each plant. The larval weight (mean ± SE) was measured after 7 days of
feeding. The total number of larvae weighed (N) is indicated in the bars.
Experiments were repeated four times independently. Statistically significant
differences between WT and GABA mutant plants after feeding were analyzed
by One-way ANOVA (p < 0.05, SNK-test) and are indicated by different letters.
altered feeding behavior of S. littoralis larvae compared to the
wild type (Figure 3) suggesting that this insect species can
tolerate some basic level of the defensive compound GABA. To
follow up this idea, 2nd instar S. littoralis larvae were reared
on an artificial diet containing different amounts of GABA
(Figure 4). Concentrations were chosen between 0 and 1µmol
GABA (g diet)−1; these concentrations covered the GABA levels
determined for the investigated wild type and mutant lines
(Figure 2). Interestingly, lower concentrations of GABA between
0 and 0.08µmol g−1, which resembled the constitutive GABA
concentration in A. thaliana Col-0 wild type plants, did not
significantly affect S. littoralis larvae growth (Figure 4). The
increase in larval weight is reduced about 5 % compared to water
treatment. This observation suggests that S. littoralis does indeed
have a certain tolerance to GABA in its food source. A significant
decrease in growth was observed for a GABA content of 1µmol
g−1; here the larvae gained 23% less weight compared to the
control (Figure 4). Thus, these results can explain the S. littoralis
feeding behavior on the different GABA mutant lines where the
GABA concentration of both wild type and the gad1/2 mutant
did not cause any growth inhibition (Figure 3) but, in contrast,
the GABA concentration of the gad1/2 x pop2-5 triple mutant
induced a decrease in growth of about 15%. However, this alone
cannot explain the results shown in Figure 3, but an increased
GABA level very likely contributes to the whole array of defenses
against S. littoralis.
A similar finding for a species-specific tolerance has been
described for S. littoralis that fed on Nicotiana attenuata mutant
FIGURE 4 | Effects of GABA on S. littoralis growth. Mean (± SE,
n = 18–20) gain of weight of 2nd instar S. littoralis larvae feeding on artificial
diet containing 0, 0.01, 0.1, 0.5, and 1µmol GABA /g−1. Larval weight was
determined after 7 days of feeding and the increase in weight correlated with
the starting weight. Gain of weight was calculated relative to the weight gained
after control treatment without GABA (=100%). Statistically significant
differences between the control and the respective treatment was analyzed by
t-test (for each concentration separately), *P = <0.05. D double mutant
(gad1/2), WT wild type, T triple mutant (gad1/2 x pop2-5).
plants (irMPK4 × irCOI1), where a jasmonate-independent
defense pathway could not inhibit growth of S. littoralis larvae in
contrast to larvae ofManduca sexta (Hettenhausen et al., 2013).
Spodoptera littoralis Feeding- and
Wounding-Induced Jasmonate Induction is
Not Affected in GABA Mutants
Knowing that many plant defense reactions against herbivorous
insects are regulated by jasmonates (Wasternack, 2007; Mithöfer
et al., 2009) we decided to further investigate the contribution and
involvement of this phytohormone class on GABA accumulation.
Thus, the levels of jasmonic acid (JA) and its bioactive derivative,
(+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile) (Fonseca et al., 2009),
were determined in Arabidopsis wild type and the GABA mutant
plants upon herbivore treatment (Figures S5A,B).
As shown in Figure 5A, the differences in basic GABA content
present in the three plant lines are obvious. In wild type and in
the triple mutant GABA level increased over time. The content
of JA and JA-Ile also clearly increased due to larvae feeding but
no significant differences were detectable between wild-type and
the two mutant lines (Figures 5B,C). Thus, the different levels of
GABA did not affect the jasmonate level.
Insect herbivory is a combination of two events, firstly
the wounding of plant tissues and secondly the introduction
of insect-derived compounds that come in contact with the
tissues during the feeding process (Mithöfer and Boland, 2008).
Using a robotic caterpillar, MecWorm (Figures S5C–H), we
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FIGURE 5 | GABA and Jasmonate levels upon Spodoptera littoralis
herbivory in Arabidopsis wild-type (WT), gad1/2 and gad1/2 x
pop2-5 plants. Mean (± SE, n = 10) levels of GABA (A), JA (B), and
JA-Ile (C) in Col-0 WT, gad1/2 (gray) and gad1/2 x pop2-5 (black) plants
after S. littoralis feeding (2nd instar) for 1 and 3 h. Hormone and GABA
levels were measured only from local S. littoralis fed leaves. Untreated
leaves from untreated plants were used as controls. Statistically significant
differences between hormones in WT and GABA mutant plants after
feeding were analyzed by One-way ANOVA (p < 0.05, SNK-test) and are
indicated by different letters.
FIGURE 6 | GABA and Jasmonate levels upon MecWorm treatment in
Arabidopsis wild-type (WT), gad1/2 and gad1/2 x pop2-5 plants. Mean
(± SE, n = 6) levels of GABA (A), JA (B), and JA-Ile (C) were determined in
control plants and 3 h after treatment (black). Hormone and GABA levels were
measured only from treated leaves. Untreated leaves from untreated plants
were used as controls. Statistically significant differences between hormones
in different mutants were analyzed by One-way ANOVA (p < 0.05, SNK-test)
and are indicated by different letters. Statistical significant differences between
control and treated plants were analyzed by t-test, *P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001.
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are able to mimic the behavior of a feeding S. littoralis larva
in order to investigate the impact of the isolated wounding
process without the contribution of insect-derived compounds
(Mithöfer et al., 2005). As shown in Figure 6, MecWorm
treatment alone caused the accumulation of GABA in wild-
type plants. Wounding disrupts cell structure and releases
the acidic vacuole content. As shown for carrot suspension
cells, acidic pH values stimulate GAD activity in vivo, and
as a consequence thereof, the generation and accumulation of
GABA (Carroll et al., 1994). Compared with insect feeding
(Figure 5A), MecWorm wounding caused an eight-fold higher
GABA accumulation in wild-type plants due to the facts that
more leaf material was wounded and, in addition, the wounded
leaf material was not completely removed as by ingestion during
insects feeding. As expected, in the knock out plant gad1/2
no GABA accumulated (Figure 6A). Jasmonate levels increased
significantly upon wounding; however, the amount of JA and
JA-Ile in the controls and in the treated plants was similar,
independent on the plant lines (Figures 6B,C).
Wounding Induces GABA Accumulation in
Adjacent Leaves
An interesting feature of the GABA-forming GAD enzyme
is its activation in acidic conditions, whereas under neutral
conditions the activity depends on Ca2+/calmodulin (Snedden
et al., 1995; Bown et al., 2006). Thus, wounding and the
accompanying acidification of the cytosol can explain GABA
accumulation in the treated, local leaf. In Asparagus sprengeri
(Regel) mesophyll cells a Ca2+-dependent activation of GAD
FIGURE 7 | Accumulation of GABA in individual Arabidopsis leaves
after MecWorm treatment. Mean (± SE, n = 5) levels of GABA were
determined in individual leaves of untreated control plants and plants after
treatment for 1 h with MecWorm. In treated plants, leaf 8 was subjected to
mechanical damage and systemic leaves 5, 9, and 11, and treated leaf 8 were
analyzed for GABA level. Statistically significant differences between the GABA
level in the same leaf of the control and treated plant were analyzed by t-test
(for each leaf separately, p < 0.05, Mann-Whitney-U test), **P ≤ 0.01;
***P ≤ 0.001.
could be demonstrated (Cholewa et al., 1997). Knowing that
wounding and herbivory can also stimulate a systemic increase of
the cytosolic Ca2+ concentration (Kiep et al., 2015), the systemic
accumulation of GABA was investigated upon wounding of a
defined leaf with MecWorm. As shown in Figure 7, mechanical
damage of leaf 8 did not only cause a significant increase of
GABA concentration in the local leaf but also in the adjacent
leaf 5, which is directly connected to leaf 8 (Farmer et al.,
2013). Although no response was detected in other leaves, this
result strongly suggests that the induced Ca2+ increase in non-
wounded tissue can trigger the activity of GAD, supporting
in vivo the statement of Snedden et al. (1995) that systemic GABA
synthesis might depend on Ca2+ signaling.
GABA Elevation is Jasmonate Independent
To further investigate whether the accumulation of GABA might
be induced by jasmonates, we treated Arabidopsis wild-type
plants with the synthetic JA-Ile mimic coronalon (Figure 8A)
FIGURE 8 | Accumulation of GABA after coronalon treatment in
wild-type (WT) plants. (A) Structures of (+)-7-iso-jasmonoyl-L-isoleucine
(JA-Ile) and structural mimic 6-ethyl indanoyl isoleucine (coronalon). (B) Mean
(± SE, n = 10) levels of GABA were determined after spray with solvent control
(0.1% ethanol, white) or 50µM coronalon 1 and 2 h after treatment.
Statistically significant differences between the treatments were analyzed by
One-way ANOVA (p < 0.05, SNK-test) and are indicated by different letters.
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FIGURE 9 | Accumulation of GABA after S. littoralis feeding in
wild-type (WT) and jar1 plants. Mean (± SE, n = 6) levels of GABA were
determined after a feeding period of 3 h. Hormone and GABA levels were
measured only from local S. littoralis-fed leaves. Untreated leaves from
untreated plants were used as controls. Statistically significant differences
between the treatments were analyzed by t-test, *P ≤0.05, ***P ≤0.001.
that has been shown to induce all typical JA-Ile effects (Schüler
et al., 2004; Svoboda and Boland, 2010; Nakamura et al.,
2014). As can be seen in Figure 8B, no changes in GABA
concentration were detectable within 3 h after treatment with
50µM coronalon, while JA-biosynthesis and JA-responsive genes
were induced indicating a sufficient concentration of coronalon
(Figure S6). This result is clearly in contrast to the results
obtained in wild-type plants where GABA accumulation was
detected upon herbivory (Figure 5A) or mechanical wounding
(Figure 6A) within the same period, indicating that GABA
accumulation is not jasmonate dependent. In order to support
this result, we performed an additional experiment where wild-
type Arabidopsis and a jasmonate signaling mutant, jar1 that is
unable to generate JA-Ile (Staswick et al., 2002), were treated
with S. littoralis larvae. Whereas in wild-type and jar1 control
plants the level of GABA was the same, after 3 h of feeding in
wild-type as well as in jar1 plants a significant higher content
of GABA was detected compared to the respective controls
(Figure 9). This was an expected result because the feeding
process causes GABA accumulation (Figure 5A). Strikingly, in
this particular experiment the induced GABA content in the
WT was lower compared to former experiments. This can be
explained by different feeding behavior of the larvae which is
usually observed for this kind of bio assays demonstrating the
need of simultaneously performed controls. More interesting is
the finding that in jar1 plants a significant increase of GABA
could be measured compared with wild type plants (Figure 9).
On the one hand this shows again that jasmonate-based signaling
is not involved in GABA accumulation and on the other hand
that on defense-impaired jar1 plants more GABA could be
generated very likely because the larvae fed more.
CONCLUSION
The non-proteinogenic amino acid γ-aminobutyric acid, GABA,
is widespread in eukaryotes including invertebrates, where it
activates Cl− -channels at neuromuscular junctions. For plants,
various physiological role(s) for GABA are still under discussion.
Here, experimental evidence based on GABA-reduced and
GABA-enriched Arabidopsis thaliana mutants demonstrates
that wounding of plant tissue and cell disruption caused
by feeding insects is sufficient to induce rapid, jasmonate-
independent GABA synthesis and accumulation. When ingested
the elevated GABA levels become toxic for the insect. Similar
to the tissue- and cell disruption-mediated formation of toxic
isothiocyanates from glucosinolates and hydrogen cyanide
(HCN) from cyanogenic glucosides (Mithöfer and Boland, 2012),
respectively, GABA formation from glutamate is a component in
a plant’s first-line of general, rapid defense against invertebrate
pests.
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